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A B S T R A C T
A new binder free electrode based on ternary copper nickel cobalt oxide nanowires grown on the carbon cloth
(CuNiCoO4 NWs@ carbon cloth) was prepared and characterized by ﬁeld emission scanning electron microscopy
(FE-SEM), x-ray diﬀraction (XRD), Energy-dispersive X-ray spectroscopy (EDX), and cyclic voltammetry (CV).
The prepared electrocatalyst was directly used for electrochemical sensing of glucose without using enzyme. The
eﬀect of diﬀerent parameters such as potential scan rate, switching potential, and glucose concentration on the
electrochemical oxidation of glucose was investigated. The results showed that such an electrode presents ex-
cellent catalytic activity toward the oxidation of glucose in aqueous alkaline solution. Under optimum condi-
tions, the potential application of the electrode was evaluated by applying it to the analytical determination of
glucose concentration. The results revealed that the electrocatalytic current increased linearly with the glucose
concentration in the range from 0.02 to 1.4 mM with a low detection limit of 6.5 μM and good sensitivity of as
high as 1782 μAmM−1 cm−2. Selectivity investigations demonstrate that the CuNiCoO4 NWs@CC electrode
could be used for selective detection of glucose in the presence of interfering species. Real sample analysis shows
reasonable RSD values implying negligible matrix eﬀect in determination of glucose in human serum samples.
1. Introduction
Rapid, sensitive, selective and reliable glucose sensing is important
for wide variety of industries and sciences such as food industry, bio-
technology, environmental, and clinical monitoring [1]. So far, various
glucose sensors have been established based on optical, acoustic, elec-
tronic, ﬂuorescent, electrochemical methods and et cetera [2]. Between
these glucose sensors, electrochemical sensors are of high great im-
portance because of their high sensitivity, speciﬁc selectivity and low
cost [3]. Since Clark's and Lyon's work on enzyme glucose biosensor in
1962 [4], determination of glucose attracted particular attention.
Commercialized sensors for glucose monitoring utilized enzymes such
as glucose oxidase, which adheres particularly to b-D-glucose and then
it catalyzes the glucose oxidation to hydrogen peroxide and D-glucono-
δ-lactone. The transduce signal is originates form the oxidation of hy-
drogen peroxide that is produced in the presence of sensing element
(enzyme) [1, 5, 6]. Although, these sensors show high sensitivity and
selectivity toward glucose oxidation [5, 7, 8], but, they usually suﬀered
from short lifetime and their eﬃciency are simply aﬀected by the
changes in pH values, humidity of the media, temperature, the enzyme
immobilization techniques and the attendance of toxic chemicals
during measurements [9–11].
Recently, electrochemical methods have attracted increasing at-
tention for determination of glucose and other analytes [12–15].
However, Non-enzymatic glucose sensors of noble metals such as Pd
[16], Au [17] and Pt [18] or their corresponding amalgams [19, 20]
widely utilized for glucose measurement. However, these electrode
materials have high costs which limits their wide applications in var-
ious ﬁeld of sciences. Hence, many attempts have been done to design
new and cost-eﬀective catalyst materials. In this regard, one compo-
nent-based transition metal oxides such as Co3O4 [21], NiO [1, 22],
Cu2O [23] or binary metal oxides and hydroxides such as CuOx-CoOx
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[24], Cu2O/NiOx [25], NixCo2x(OH)6x [26], NiCo2O4 [27, 28] have
been attracted an extensive attention.
Commonly, in a typical electrochemical nonenzymatic glucose
sensor, the electrocatalysts are produced in the form of nanoparticles,
and then immobilized on conductive substrates by deﬁnite usually non-
conductive and electrochemically inactive polymeric binders. The ex-
istence of the polymeric binders in the electrochemical nonenzymatic
glucose sensor not only enhances the series resistance values but also
blocks the active sites of the catalyst and hinders the electrolyte ions
diﬀusion to the surface of the catalyst, eventually results in a sig-
niﬁcantly reduced electrocatalytic activity and poor performance of the
sensor. However, using binder-free electrocatalysts grew directly on the
surface of conductive substrates could overwhelmed such problems [1,
29–31]. However, to the best of our knowledge, there is no report on
the preparation of ternary metal oxides for glucose sensing in alkaline
media.
In this work, CuNiCoO4 nanowires constructed on carbon cloth
electrode (CuNiCoO4 NWs@CC) as nonenzymatic glucose sensor were
proposed for the ﬁrst time. The ternary metal oxide nanowires uni-
formly covered the carbon cloth surface and formed three-dimensional
heterostructures. Due to the presence of more active catalytic sites, the
resulting nanowires showed a high performance for the non-enzymatic
determination of glucose. The electrochemical and electrocatalytic be-
haviors of the ternary metal oxide nanowires toward the oxidation of
glucose were evaluated by cyclic voltammetry and hydrodynamic am-
perometry methods. The results showed that this new ternary metal
oxide could be an excellent candidate for electrocatalytic oxidation of
glucose in alkaline media.
2. Experimental
2.1. Materials
The copper nitrate trihydrate (Cu(NO3)2·3H2O), cobalt nitrate hex-
ahydrate (Co(NO3)2·6H2O), nickel nitrate hexahydrate (Ni
(NO3)2·6H2O), ammonium ﬂuoride (NH4F) and urea (CO(NH2)2) were
purchased from Merck Chemicals Company. All used aqueous solutions
were made up in deionized (DI) water. All the chemicals used in the
experiments were of analytical grade without further puriﬁcation.
2.2. Synthesis of CuNiCoO4 NWs@CC
The growth of CuNiCoO4 NWs arrays on CC was performed using a
facile hydrothermal synthesis method that combined with a calcination
procedure. Before deposition process, a piece of commercial CC sub-
strates was ultrasonically cleaned in acetone, deionized water and
ethanol, respectively and dried in an oven. Then, a reaction solution
including 1mM of Cu(NO3)2·3H2O, 1mM of Ni(NO3)2·6H2O, 1mM of
Co(NO3)2·6H2O, 6mM of ammonium ﬂuoride (NH4F) and 15mM urea
(CO(NH2)2) in distilled water was prepared under constant magnetic
stirring for 30min. After putting a piece of cleaned CC (1 cm×1 cm), a
portion of 70mL of the prepared solution was transferred into 100mL
Teﬂon-lined stainless steel autoclave and the temperature was main-
tained at 120 °C for 6 h. After the autoclave spontaneously cooled to
room temperature, in order to remove residual reactants and free
debris, the CC that covered with mixed metal (Cu, Ni, Co) carbonate
hydroxide precursor ﬁlm was carefully rinsed with de-ionized water
and absolute ethanol in succession. Then, the prepared carbonate hy-
droxide precursor was dried using vacuum at 60 °C for 12 h. Finally, the
precursor sample was put in a quartz tube furnace and thermal an-
nealing was performed at 350 °C (2 °Cmin−1) in argon atmosphere for
2 h, which a full transform of precursor to hierarchical structure of Cu-
Ni-Co ternary oxide (CuNiCoO4) supported on CC was occurred in this
step.
2.3. Materials characterizations
The crystallographic structure of the prepared samples was in-
vestigated by X-ray diﬀraction (XRD) equipped with Cu Kα radiation
(λ: 1.78901 Å). The microstructure and chemical composition of the
samples were determined by using a ﬁeld-emission scanning electron
microscope (FE-SEM) that equipped with an energy-dispersive X-Ray
spectrometer (EDX) (TESCAN). All of the electrochemical measure-
ments were performed on Autolab PGSTAT101 at the room tempera-
ture.
2.4. Electrochemical studies
Electrochemical performance of the as-synthesized hierarchical na-
nostructured electrode was studied in aqueous solution of NaOH
(0.1M) with three electrode cell conﬁguration which CuNiCoO4
NWs@CC was directly used as a working electrode, a platinum plate as
a counter electrode, and a Ag/AgCl (3.5M KCl) as a reference electrode.
Cyclic voltammetry (CV) tests were done to study the oxidation beha-
vior of glucose at the CuNiCoO4 NWs@CC. Amperometric response of
glucose sensor was measured in a stirred medium. Before adding glu-
cose solutions and concentration measurements, the background cur-
rent was allowed to fall to a steady value.
3. Results and discussion
3.1. Characterization of CuNiCoO4 NWs@CC
The nano-architecture active materials were prepared using a
simple two-step synthesis strategy (Scheme 1) containing directly
growth of mixed Cu-Ni-Co precursors on CC by hydrothermal reaction
Scheme 1. The schematic overview of CuNiCoO4 NWs@carbon cloth fabrication.
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at 120 °C for 6 h and subsequently thermal treatment of basic mixed Cu-
Ni-Co carbonate hydroxide precursors during annealing treatment in
argon atmosphere at 350 °C for 2 h to obtain porous CuNiCoO4 NWs
nanostructures.
The FE-SEM technique was used to investigate the morphology and
microstructure of CuNiCoO4 NWs@CC and its related images were
shown in Fig. 1. As we can see in Fig. 1(a), the FE-SEM images con-
ﬁrmed that a compact CuNiCoO4 NWs with a high density and well-
ordered orientation are grown uniformly and vertically on the surface
of CC. In addition, as shown in Fig. 1(b), the three-dimensional nano
networks of CuNiCoO4 NWs were directly formed on the surface of CC
with a strong adhesion, which enhanced the physical and electrical
contact between active electrode material and carbon cloth substrate
and also stability of the entire electrode. Moreover, these kinds of na-
nowires structures and their orientations can be shortening the diﬀu-
sion and electron transport path in the electrochemical reaction
[31–34]. The higher magniﬁed FE-SEM image of electrode revealed the
detailed information about the ﬁnal CuNiCoO4 NWs on the surface of
Fig. 1. The FE-SEM images of the CuNiCoO4 NWs@CC at various magniﬁcations.
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CC (Fig. 1c). Fig. 1c indicate that the nanowire arrays have been fab-
ricated in the form of accumulated nanowire with around 6 μm in
length and 50–110 nm in diameter (Fig. 1c). Therefore, the unique
structure of CuNiCoO4 NWs@CC can provide excellent electrochemical
performance and high speciﬁc surface area with the high utilization of
electrode material in electrochemical sensing.
Furthermore, the EDX analysis was conﬁrmed the presence of C, O,
Cu, Ni and Co elements in the hierarchical CuNiCoO4 NWs@CC (Fig. 2).
The peak from carbon mainly originates from the carbon cloth substrate
and also from hydrolysis of urea at elevated temperatures. Also, the
inset of Fig. 2 shows local weight and atomic percentages of various
elements in the CuNiCoO4 NWs@CC.
The EDX mapping analysis was further used for characterization of
hierarchical CuNiCoO4 NWs. This technique was similarly conﬁrmed
the presence of C, O, Cu, Ni and Co elements with the uniform dis-
tribution on CuNiCoO4 NWs@CC without self-aggregation (Fig. 3).Fig. 2. The EDX analysis of obtained CuNiCoO4 NWs@CC.
Fig. 3. The FE-SEM image and corresponding EDX elemental mappings of Ni, Co, Cu, C and O for the CuNiCoO4 NWs@CC.
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The crystallographic structure of prepared CuNiCoO4 NWs@CC was
determined using X-ray diﬀraction (XRD). As shown in Fig. 4(a), two
main peaks around 25° and 43° were clearly observed for CC that are
related to the (002) and (100) reﬂections of graphite, respectively [29].
The diﬀraction peaks of CuNiCoO4 NWs deposited on CC are well
matched with the cubic spinel Co3O4 structure phase of space group
Fd3m (JCPDS No. 42-1467) [35–37]. The obtained results conﬁrmed
that the pure CuNiCoO4 ternary oxide nanowires were obtained by
substitution of cobalt atoms with copper and nickel without dete-
rioration of structure. In addition, the XRD pattern does not show any
additional peaks, indicating that high purity CuNiCoO4 NWs@CC na-
nostructures have been formed during the annealing process.
3.2. Electrochemical characterization of CuNiCoO4 NWs@CC
The material characterizations conﬁrmed that the CuNiCoO4 NWs
structure has been successfully prepared on the surface of the CC
electrode with a hierarchical core/shell structure, which can be making
it as an ideal binder free electrode in the electrochemical sensing. To
study the characteristic behavior of CC supported CuNiCoO4 NWs na-
nostructure electrode for electrochemical sensing, the electrochemical
behavior of the electrode was ﬁrst studied using CV measurements in
0.1 M NaOH as a supporting electrolyte (Fig. 5a). As shown in Fig. 5a, a
pair of strong redox peaks was observed in the CV response of ternary
CuNiCoO4 NWs@CC as an electrode material that it may be originates
from the reversible reactions of Co2+/Co3+, Ni2+/Ni3+, Cu2+/Cu3+
and Co3+/Co4+ redox pairs in 0.1 M NaOH electrolyte and the me-
chanism of redox reactions can be take placed as follows:
+ + ↔ + + +
− −CuNiCoO OH H O CoOOH CuOOH NiOOH e4 2 (1)
+ ↔ + +
− −CoOOH OH CoO H O e2 2 (2)
which two electrons are involved in the redox reaction. Furthermore,
the peak currents were increased with increasing the scan rate (Fig. 5a)
and a good linear dependence of both anodic and cathodic peak cur-
rents intensity were observed against the square root of scan rate
(Fig. 5b), suggesting the electrochemical redox reaction was controlled
by the diﬀusion of hydroxide ions on the surface of CuNiCoO4
NWs@CC. In addition, by increasing the scan rate, the Epc and Epa of
these electrodes shift to more negative and positive potentials, respec-
tively (Fig. 5b), which indicates quasi-reversible nature of the redox
reaction [37, 38].
Fig. 4. The XRD patterns of (a) carbon cloth and (b) CuNiCoO4 NWs@CC.
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3.3. Electrocatalytic oxidation of glucose
The potential application of CuNiCoO4 NWs@CC was evaluated for
electrooxidation and detection of glucose. Fig. 6 shows the CV curves of
the CuNiCoO4 NWs@CC electrode in the 0.1 M NaOH solution with the
concentrations of 0mM (black line), 2 mM (blue dashed line), 5 mM
(black dashed line) and 10mM (red dashed line) glucose, respectively.
As we mentioned, the CV curve of CuNiCoO4 NWs@CC electrode in
blank alkaline solution shows a pair of redox peaks at about +024 and
+0.48 V for cathodic an anodic peaks, respectively, which corresponds
to the redox reactions of active electrode materials including copper,
nickel and cobalt species. The addition of glucose to the alkaline elec-
trolyte causes distinct increase of the oxidation currents and decrease in
the reduction currents. It is also must be mentioned that higher con-
centration of glucose results in more increase in catalytic oxidation
currents. The oxidation of glucose at the CuNiCoO4 NWs@CC electrode
in alkaline medium is generally containing a multi-step procedure,
whereas strongly oxidizing Ni(III), Cu(III), and Co(IV) species (NiOOH,
CuOOH and CoO2, respectively) could act as heterogenous electro-
catalyst for electrocatalytic oxidation of glucose. First of all, Cu(II), Ni
(II) and Co(III) are electrochemically oxidized to higher oxidation states
of Cu(III), Ni(III) and Co(IV) species and then these species could
mediate electrocatalytic oxidation of the glucose and convert glucose to
the main product of gluconolactone and by-products such as and glu-
conic acid. Furthermore, the anodic peak current shows a distinct shift
in positive potential direction by successive addition of glucose, de-
monstrating a kinetic limitation in the reaction of glucose oxidation.
The reaction equations which involves in electrocatalytic oxidation of
glucose are as follows:
+ ↔ +
− −NiO OH NiOOH e (3)
+ ↔ +
− −CoO OH CoOOH e (4)
+ ↔ + +
− −CoOOH OH CoO H O e2 2 (5)
+ ↔ +
− −CuO OH CuOOH e (6)
+ ↔ + +
−NiOOH glucose NiO OH gluconolactone (7)
+ ↔ + +
−CoO glucose CoOOH OH gluconolactone2 (8)
+ ↔ + +
−CuOOH glucose CuO OH gluconolactone (9)
To determine the potential limit required to suﬃciently oxidize the
glucose on the surface CuNiCoO4 NWs@CC electrode, the eﬀect of
switching potential was studied from 0.6 V to 0.9 V (Fig. 7). The highest
oxidation peak current is visible at switching potential of 0.8 V. In the
other hand, the value of the oxidation peak current increased to its
maximum value as the switching potential was extended from 0.6 to
0.8, demonstrating the complete oxidation reaction of glucose and
maximum electro-catalytic activity of our electrode in this potential.
Thus, this potential was selected as optimized switching potential for
further electrochemical investigations.
The CVs of the CuNiCoO4 NWs@CC electrode in 0.1M NaOH so-
lution containing 10mM glucose at various scan rates of 5, 10, 20, 30,
40, 50, 75 and 100mV s−1 were showed in Fig. 8A. It was seen from
Fig. 5. a) CVs of CuNiCoO4 NWs@CC in 0.1M NaOH at diﬀerent scan rate: 5,
10, 20, 30, 40, 75 and 100mV s−1, b) plot of anodic and cathodic peak currents
against the square root of potential sweep rate.
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Fig. 6. CVs of CuNiCoO4 NWs@CC electrode in 0.1M NaOH in the absence
(0mM glucose) and presence of 2mM, 5mM and 10mM glucose at a sweep rate
30mV s−1.
Fig. 7. CVs of CuNiCoO4 NWs@CC electrode in 0.1M NaOH in the presence of
10mM glucose at a scan rate 30mV s−1 in various switching potential ranging
from 0.6 V to 0.9 V.
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Fig. 8A, that by increasing the scan rate, the anodic peak potential
shifted toward more positive potentials and the peak currents of glucose
oxidation were enhanced correspondingly. Fig. 8B demonstrates that
the anodic and cathodic peak currents increases linearly with the
square root of the scan rate, demonstrating that the electrochemical
catalytic oxidation of glucose on the surface of CuNiCoO4 NWs@CC
electrode is a diﬀusion-controlled redox reaction at these scans rates.
3.4. Amperometric determination of glucose
The potential application of the proposed electrode material for
determination of glucose was evaluated using amperometric technique.
Since the sensitivity of a glucose sensor greatly depends on the applied
potential, an amperometric signal was investigated on the CuNiCoO4
NWs@CC electrode for the successive addition of 100 μM glucose into
0.1 M NaOH every 50 s under the potentials range from 0.5 V to 0.60 V,
as shown in Fig. 9. A. It was obviously seen that the anodic currents
increased gradually from 0.5 V to 0.55 V, and then decreased. It es-
tablished that high potentials could increase current responses due to
Fig. 8. A) CVs of CuNiCoO4 NWs@CC in 0.1M NaOH containing 10mM glucose at diﬀerent sweep rates: 5, 10, 20, 30, 40, 50, 75 and 100mV s−1, B) plots of anodic
and cathodic peak currents versus the square root of potential sweep rate.
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Fig. 9. A) Current response of CuNiCoO4 NWs@CC electrode during successive
addition of 100 μM glucose at various operating voltages, B) amperometric
response of CuNiCoO4 NWs@CC electrode by successive injection of various
concentrations of glucose into the stirred NaOH electrolyte.
Fig. 10. The calibration curve of amperometric current response vs glucose
concentration for CuNiCoO4 NWs@CC electrode.
H. Mirzaei et al. Microchemical Journal 142 (2018) 343–351
349
the increased amount of electrocatalyst (high oxidation states of active
materials as mentioned before). However, using higher potential than
0.55 V, could produce some intermediates, which maybe interacted
with the active electrode material, thereby results in the drastic re-
duction of catalytic current [38]. Meanwhile, the strong and irrever-
sible adsorption of intermediates could poisoned the electrode surface
and hinder the glucose electrooxidation. As a result, the highest current
response was observed at +0.55 V.
Fig. 9B shows successive addition of diﬀerent concentrations of
glucose into the NaOH electrolyte while the solution is stirred. The
electrolyte solution was strongly stirred to ensure good mixing of
analyte with the electrolyte to obtain a homogeneous glucose con-
centration through the entire of solution. The amperometric currents
show a stepwise increase in responses with a stepwise addition of
glucose concentrations.
The error bars were used for the determination of the standard
deviations at each injected concentration. The glucose sensor shows a
linear range of 0.02 to 1.4mM and a sensitivity of
1782 μAmM−1 cm−2. The LOD is evaluated to be 6.5 μM based on the
signal-to-noise ratio of 3 (S/N=3) (Fig. 10). Table 1 summarizes the
performance comparison between the CuNiCoO4 NWs@CC electrode
with other cobalt based non-enzymatic glucose sensors. As seen from
Table 1, analytic performance of the prepared CuNiCoO4 NWs@CC
electrode is superior in terms of liner range, sensitivity, potential and
detection limit, which can be comparable to, or even better than that of
glucose non-enzyme sensors reported recently.
3.5. Selectivity of the CuNiCoO4 NWs@CC
The selectivity of the CuNiCoO4 NWs@CC electrode is one of the
important parameters for evaluation of non-enzymatic glucose sensor
because the interfering species usually coexist with glucose, such as
dopamine (DA), uric acid (UA) and ascorbic acid (AA). Fig. 11 shows
the signiﬁcant current response by the addition of 0.1mM glucose,
while no remarkable current response with the addition of interfering
species. These results demonstrate that the CuNiCoO4 NWs@CC elec-
trode can be used for selective detection of glucose in the presence of
interfering species and high catalytic activity of CuNiCoO4 NWs@CC
electrode toward glucose sensing.
3.6. Real sample analysis
As an example of a practical use, the as-prepared CuNiCoO4
NWs@CC electrode was also used for determination the glucose con-
centration in the human serum samples. For this purpose, the discrete
amount of human serum sample has been diluted by addition of NaOH
solution. The corresponding results of recovery were found to be in the
range of 97.2–105.9% and the obtained relative standard derivations
(RSD) of three additions were presented in the Table. 2. These results
indicate that the CuNiCoO4 NWs@CC electrode can be applied for de-
termination of glucose concentration in human serum samples.
4. Conclusions
We have successfully fabricated a binder free electrode based on
ternary copper nickel cobalt oxide nanowires grown on the carbon cloth
(CuNiCoO4 NWs@CC) and applied it for nonenzymatic glucose detec-
tion. The new prepared sensor shows excellent electrocatalytic activity
for glucose oxidation in aqueous NaOH solution. At the CuNiCoO4
NWs@CC electrode, there is a linear relation between the glucose
concentration and the oxidation current. It was observed that the pre-
pared electrode could detect glucose concentration with high sensitivity
and selectivity. Real sample analysis shows negligible matrix eﬀect on
the detection of glucose in human serum samples. This work provides a
promising new platform for the investigation of the application of
binder-free ternary metal oxides in electrocatalysis and the manu-
facturing of attractive sensor in the future.
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